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Abstract There is a strong trend toward reforestation
of abandoned grasslands in alpine regions which may
impact the carbon balance of alpine ecosystems. Here,
we studied the effects of afforestation with Norway
spruce (Picea abies L.) on an extensively grazed
subalpine pasture in Switzerland on soil organic carbon
(SOC) cycling and storage. Along a 120-year long
chronosequence with spruce stands of 25, 30, 40, 45,
and [120 years and adjacent pastures, we measured
tree biomass, SOC stocks down to the bedrock, natural
13C abundances, and litter quality. To unravel controls
on SOC cycling, we have monitored microclimatic
conditions and quantified SOC decomposability under
standardized conditions as well as soil respiration
in situ. Stocks of SOC were only moderately affected
by the afforestation: in the mineral soil, SOC stocks
transiently decreased after tree establishment, reaching
a minimum 40–45 years after afforestation (-25 %)
and increased thereafter. Soils of the mature spruce
forest stored the largest amount of SOC, 13 % more
than the pasture soils, mainly due to the accumulation
of an organic layer (23 t C ha-1). By comparison, C
accumulated in the tree biomass exceeded the SOC
pool by a factor of three in the old forest. In contrast to
the small impact on C storage, afforestation strongly
influenced the composition and quality of the soil
organic matter (SOM). With increasing stand age, d13C
values of the SOM became consistently more positive,
which can be interpreted as a gradual replacement of
grass- by spruce-derived C. Fine roots of spruce were
enriched in 13C, in lignin and had a higher C/N ratio in
comparison to grass roots. As a consequence, SOM
quality as indicated by the lower fraction of readily
decomposable (labile) SOM and higher C:N ratios
declined after the land-use change. Furthermore,
spruce plantation induced a less favorable microcli-
mate for microbial activity with the average soil
temperature during the growing season being 5 C
lower in the spruce stands than in the pasture. In situ
soil respiration was approximately 50 % lower after
the land use conversion, which we primarily attribute
to the colder conditions and the lower SOM quality, but
also to drier soils (-25 %) and to a decreased fine root
biomass (-40 %). In summary, afforestation on sub-
alpine pastures only moderately affected SOC storage
as compared to the large C sink in tree biomass. In
contrast, SOC cycling rates strongly decreased as a
result of a less favorable microclimate for decompo-
sition of SOM, a lower C input by roots, and a lower
litter quality.
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Introduction
Land use and land use change (LUC) are among the
most important factors governing the carbon (C) fluxes
between the terrestrial biosphere and the atmosphere
and thus determining whether an ecosystem is a net
source or sink for atmospheric CO2. While the tropical
deforestation contributes to the rising CO2 level in the
atmosphere, reforestation of abandoned agricultural
areas on the Northern hemisphere, by contrast,
increases the C sequestration (Houghton 2003). The
net C uptake in these regions primarily results from
agriculture extensification in conjunction with land
use changes. Particularly in the European Alps, large
areas of pasture have been abandoned in the last
couple of decades for socio-economic reasons (Mac-
Donald et al. 2000; Tappeiner et al. 2003). As a result,
the forest cover strongly expanded due to woody plant
encroachment (Hagedorn et al. 2010c; Tasser et al.
2007). In Switzerland, for example, the forested area
in the Alps increased by 8 % between 1995 and 2006,
inducing an accumulation of tree biomass of 15 mil-
lion m3 (Bra¨ndli 2010). The strong forest expansion is
expected to continue particularly on marginal land of
alpine regions due to the declining public support of
agriculture and the decreasing attractiveness of farm-
ing (Bolliger et al. 2008). As a consequence, C storage
in biomass is anticipated to increase significantly on a
national scale.
As compared to C storage in biomass, the effects of
reforestation on soil organic carbon (SOC) are much
less studied and therefore ambiguous. Generally,
afforestation is assumed to lead to an initial loss of
SOC due to a higher C mineralization associated with
soil disturbance at planting (Jandl et al. 2007).
Thereafter, C stocks are expected to increase slowly
until C input and mineralization equilibrates (Thuille
and Schulze 2006). Whether the soil C stocks achieve
the level previous to the land use change is uncertain
and depends on different factors like climate, soil
properties, tree species, or land use history (Guo and
Gifford 2002; Paul et al. 2002; Post and Kwon 2000).
A recent metadata analysis compiling LUC effects in
the temperate zone revealed no clear trend in SOC
stock changes in the mineral soils after afforestation of
grasslands, which was partly attributed to the high
variability among the studies (Poeplau et al. 2011).
Moreover, since more than 80 % of the studies only
included surface soils, effects on subsoil were mostly
neglected, which could lead to inaccurate estimates
(Harrison et al. 2011). A further constraint in some of
the studies is the distribution of chronosequences over
rather large areas incorporating a high inherent
heterogeneity. On a regional to countrywide scale,
land use may have historically been selected according
to the soil type, confounding the effects of vegetation
type and land use history on soil C storage (Wiesmeier
et al. 2012).
While most of the studies mainly focused on the
total C stock changes, only a few assessments have
addressed the underlying mechanism for the observed
changes (Scott et al. 2006; Thuille and Schulze 2006).
On the one hand, input pathways and litter composi-
tion considerably differ among plant species, with
potential implications on soil organic matter (SOM)
quality and C sequestration (De Deyn et al. 2008). In
addition, vegetation type affects soil microbial com-
munities and their metabolic activity (Berg and Smalla
2009; Macdonald et al. 2009), which govern the decay
of organic matter and thus regulate C mineralization.
On the other hand, afforestation can modify microcli-
matic conditions towards less favorable conditions for
organic matter decomposition (Kellman et al. 2007;
Smith and Johnson 2004). Whether afforestation leads
to an increase or decrease of the SOC stocks strongly
depends on the interaction of these processes and their
modification by the LUC. Potential impacts of land-
use changes might be higher at high than at low
altitudes because alpine soils store relatively higher
amounts of labile SOM than in lowlands due to a
suppressed decomposition under unfavorable climatic
conditions (Hagedorn et al., 2010c; Sjo¨gersten-Turner
et al. 2011). For instance, Budge et al. 2011 and
Leifeld et al. 2009 observed percentages of 40–60 %
in the uppermost 20 cm based on a combined density
and particle size fractionation of SOM. On the other
hand, the responses to LUC might be slower as plant
productivity and soil C cycling rates are smaller
(Sjo¨gersten-Turner et al. 2011). Despite the strong
increase in forest cover in alpine regions due to land
abandonment, effects of afforestation have hardly
been studied. In the Italian Alps, Thuille and Schulze
(2006) observed increasing C stocks in the organic
layer (approx. ?25 t C ha-1 in 60 years) along
chronosequences from grassland to forests, but ini-
tially declining SOC stocks in the mineral soil (-15 to
40 t C ha-1) followed by a re-increase after some
decades. In the Swiss Alps, by comparison, Risch et al.
252 Biogeochemistry (2013) 115:251–266
123
(2008) report a tendency of declining SOC stocks in
topsoils along a several century-long succession from
grasslands to stone pines. However, here it remains
unclear, how much of the apparent SOC decline can be
attributed to an earlier abandonment of marginal land
with SOC-poorer soils on steeper slopes in a highly
heterogeneous landscape.
In the present study, we wanted to investigate (1)
how SOC-cycling and storage in relation to tree
biomass changes along a 120-year old chronosequence
of Norway spruce; and (2) to estimate which mech-
anisms drive the changes in SOC dynamics; in
particular, how the afforestation has affected micro-
climatic conditions and how the altered input of plant
litter has affected SOM) quality.
The whole chronosequence included 25, 30, 40, 45,
and more than 120-year old forest stands, established
on an extensively grazed subalpine pasture within a
rather small area on an even slope, which provided
homogeneous soil conditions within the whole study
site. Here, we quantified SOC-stocks and SOM quality
in relation to land use and stand age. Furthermore, we
measured soil respiration in situ and C mineralization
under standardized conditions to disentangle controls
of C cycling and storage as affected by the vegetation
change. We hypothesized that (i) soils would lose C,
primarily during the first years after the planting as a
result of soil disturbance and a declining C input by
roots in the upper mineral soil; that (ii) the C-stocks
would begin to increase in the older stands mainly due
to an accumulation of a forest floor; that (iii) the
afforestation would lead to a ‘colder’ microclimate
with less favorable conditions for C mineralization;
and that (iv) SOM quality would decline.
Materials and methods
Study site
The study was conducted in a sub-alpine region in the
Canton of Fribourg, Switzerland (715054E; 4637017N),
on a south-facing slope reaching from 1,450 to 1,800 m
a.s.l. Mean summer and winter air temperatures are 11.4
and 0.6 C, respectively; mean annual precipitation
averages 1,250 mm with a maximum in summer.
The entire slope has been under pasture for at least
150 years, but most likely it was used for cattle grazing
for several centuries. After severe avalanches in 1956,
the eastern part of the slope was gradually afforested
with Norway spruce (Picea abies L.), while the western
part remained as a pasture (Fig. 1). Since the trees were
planted within a time span of two decades, the
afforestations differ in age (25, 30, 40, and 45 years
old). In addition, a mature spruce forest (older than
120 years), representing a permanent forest ecosys-
tem, was used as a control (Fig. 1). We selected the
stands based on observed stand properties in the field
and on information from the forest management plan
(tree ages, method of planting, stand density, imple-
mented forest management options) and determined
the precise stand age by dendrochronological analysis.
Soils across the whole slope were Eutric Cambisols
on calcareous bedrock with a mean thickness of 80 cm
and carbonate-free to an average depth of 60 cm. While
in the pasture an organic layer was lacking, soils of the
afforstations had an Oi- and Oe horizon and the mature
forest additionally had an Oa horizon. The mineral soil
was characterized by an approximately 20 cm thick
A-horizon, followed by a B-horizon, partly featuring
manganese concretions and iron mottles below 40 cm.
The C-horizon started at *60 cm depth and contained
calcareous bedrock material. All soils had clay contents
around 50 % except one of the 40-year old stands with a
clay content of only 20 % and a sand fraction of 70 %
(Table 1). Soil pH ranged between 4 and 7 with
significantly higher values in the deeper soils but it did
not significantly differ among the vegetation types. Soil
pH under pasture was not affected by altitude but
slightly increased along the horizontal gradient towards
the Eastern part of the slope (P = 0.02). Nevertheless,
visual characterization of the soil profiles as well as
analyses of the samples showed rather homogeneous
soil properties within the whole study site.
Soil sampling
Soils were sampled along four transects at different
altitudes, ranging from the pasture into the forest
stands (n = 4 blocks). Each section of the transect
differing in land use or stand age was regarded as a plot
(n = 11) and in each plot, 5 or 10 soil pits were dug
with a distance of 10 m between each other. A fifth
transect at 1,680 m a.s.l. with 20 soil pits only within
the pasture was used to test the homogeneity of soils
along the slope (Fig. 1). In each soil pit, soil
morphology and stone content were estimated visu-
ally. Soil samples for chemical analyses were taken at
Biogeochemistry (2013) 115:251–266 253
123
six different depths (0–5, 5–10, 10–20, 20–40, 40–60,
and 60–80 cm). Bulk density was determined at two
depths (0–10 and 20–30 cm) in every second soil pit
(n = 60) using steel cylinders with a volume of
1,000 cm3. In an additional seven soil pits across the
whole site, bulk density was measured down to the
bedrock in triplicates. The organic layer was sampled
on an areal basis with a steel frame (0.25 9 0.25 m)
for each organic horizon individually (n = 8–20 per
plot).
Soil physical analyses, stone content, and root
biomass
Bulk soil density was calculated with the mass of the
oven dried (105 C) soil weight divided by the volume
Fig. 1 Study site with the different transects (T1–T5) and the 11 plots (P1–P11) where soils have been sampled. Pasture transect T4
was used to test horizontal homogeneity of the slope
Table 1 Bulk density, clay content and soil pH (±SE) in the different plots in 0–10 and 20–30 cm depth
Land use stand age Altitude BD (kg dm-3) Clay (%) pH BD (kg dm-3) Clay (%) pH
0–10 cm 20–30 cm
Pasture 1,450 0.87 (0.05) 53 5.5 (0.2) 1.05 (0.02) NA 5.3 (0.2)
Pasture 1,520 0.83 (0.05) 54 4.8 (0.1) 1.08 (0.03) 52 4.7 (0.1)
Pasture 1,610 0.83 (0.03) 50 4.7 (0.1) 1.01 (0.02) 49 4.8 (0.2)
Pasture 1,700 0.81 (0.03) 56 5.2 (0.1) 1.11 (0.02) 52 5.8 (0.3)
Forest 25 years 1,700 0.75 (0.02) 61 5.1 (0.2) 1.08 (0.03) 63 5.7 (0.2)
Forest 30 years 1,520 0.81 (0.03) 51 4.8 (0.2) 1.05 (0.04) NA 5.0 (0.2)
Forest 30 years 1,610 0.84 (0.05) 58 5.7 (0.3) 1.14 (0.03) NA 6.0 (0.3)
Forest 40 years 1,520 0.83 (0.05) 41 4.3 (0.1) 1.07 (0.04) 41 4.8 (0.1)
Forest 40 years 1,510 0.87 (0.02) 20 4.6 (0.2) 1.17 (0.04) 20 5.4 (0.3)
Forest 45 years 1,450 0.78 (0.02) 50 4.1 (0.1) 1.08 (0.02) NA 4.9 (0.3)
Forest 120 years 1,450 0.72 (0.03) 49 4.5 (0.2) 1.01 (0.06) NA 5.0 (0.2)
NA not measured, SE standard error
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of the cylinder. From a subset of the soil cores stone
content (0–10, 20–30 cm; n = 75) and root biomass
(0–10 cm; n = 28) were determined by consecutively
sieving the soils to 2 mm (stones), 1 and 0.5 mm
(roots) under a gentle stream of water. The retained
fine rock material and plant roots were thoroughly
cleaned from soil particles, dried at 105 C and
weighted to calculate fine rock volume and root
biomass of the soils. Soil texture was determined with
the pipette method according to Gee and Bauder
(1986).
Tree biomass estimation
Diameter of all trees was measured in two areas of
25–100 m2 in the younger stands (up to 30 years) and
in a single larger area of 250–600 m2 in the older
afforestations to account for the bigger size and lower
density of trees. In addition, the heights of 5–10 single
trees per area were measured. Biomass of the single
trees was calculated using allometric functions
depending on stem diameter at breast height and tree
height (Kaufmann 2001) and total biomass was related
to the basal area per ground area.
Chemical analyses of plant and soil samples
Prior to chemical analysis, soil samples were oven-
dried (60 C), sieved (2 mm) and ground. Soil pH was
measured potentiometrically in 0.01 M CaCl2 with a
solid/extractant ratio of 1:2.
Since the parent material of the site is calcareous,
mineral soil samples with pH[6 were fumigated with
HCl in order to remove inorganic C (Walthert et al.
2010). C and N concentrations and the carbon isotopic
ratio (d13C) of plant and organic layer material and a
subset of the mineral soil samples (n = 250) were
measured with an automated elemental analyser-con-
tinuous flow isotope ratio mass spectrometer (Euro-EA,
Hekatech GmbH, Germany, interfaced with a Delta-V
Advanced IRMS, Thermo GmbH, Germany). C and N
concentrations of the remaining mineral soil samples
(n = 350) were measured with an elemental analyser
coupled with a thermal conductivity detector (NC-2500,
CE-Instruments, Italy). Results of the C isotope analysis
were expressed in d units (%) relative to Vienna Pee
Dee belemnite (V-PDB) standard.
In plant samples, Klason lignin was gravimetrically
determined as the residue of 500 mg of finely ground
plant material after being consecutively extracted with
12.5 mL of hot water (80 C), 12.5 mL of ethanol,
hydrolysed for 1 h with 1.5 mL of 72 % sulphuric acid
at 30 C and after the addition of 42 mL of water,
autoclaved for 1 h at 120 C. Total lignin concentra-
tion was the sum of Klason lignin and the soluble
lignin, which was estimated from the UV absorbance
of the hydrolysate at 205 nm (Dence 1992).
Microclimate and soil respiration
Soil temperature and volumetric water content (VWC)
were continuously recorded over one and a half year
under pasture and in the 40 year old forest at 5, 25, and
50 cm depth using Decagon sensors (5TM) and data
loggers (Em50R, Decagon Devices Inc., Pullman,
WA, USA). Additional manual measurements were
conducted concomitantly with the soil respiration
measurements using a thermometer and time domain
reflectometry (TDR) probes (TRIME-FM, IMKO,
Germany) to test the effect of microclimate on soil
respiration (covariates in the statistical model).
Soil respiration was measured using a static chamber
technique (Hiltbrunner et al. 2012). In each of the eleven
plots, four PVC-chambers (32 cm diam. 9 30 cm;
n = 44) were inserted 20 cm into the soil, with the
remaining headspace volume of each chamber was
determined individually. The chambers were installed
2 months before the first measurement in order to ensure
the recovery of soils from physical disturbance and grass
was cut at several dates. Soil respiration rates were
determined at six dates (July 17, August 10, 13 and 20,
September 3, and October 1, 2010) by closing the
chambers with an air-tight lid and sampling the
headspace with a syringe through a septum after 5, 20,
and 35 min. Gas samples were subsequently analyzed
for CO2 concentrations with a gas chromatograph
(Agilent 7890, fitted to a flame ionisation detector
(FID), Agilent Technologies Inc. CA, USA) and
respiration rates were calculated by linear regression
of the CO2 concentrations against sampling time.
Substrate induced respiration (SIR)
and C-mineralization
For the incubation experiments, sampled soils from
the Oi-horizon (n = 8), the Oe-horizon (n = 4), and
four replicates of the uppermost 5 cm of mineral soil
from each plot (n = 44) were immediately transported
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to the laboratory, where they were sieved (4 mm) and
the roots were removed. Samples were stored at 4 C
for 1 week prior to the incubation.
SIR, as an indicator for microbial biomass, was
measured in a CO2 measuring system with a contin-
uous CO2-free air flow as described by Cheng and
Virginia (1993). Briefly, 40 g fresh mineral soil and
10 g organic layer material was placed into airtight
jars and amended with 8 mL glucose solution
(50 g L-1 for mineral soils and 12.5 g L-1 for organic
layer material, resulting in 10 mg glucose g-1 sam-
ple). CO2 release of the samples was determined after
1 h by measuring CO2 concentration with an infrared
gas analyzer (LI 840, LI-COR, NE, USA) at an air flow
rate of 160 mL min-1.
To estimate C mineralization of the soils under
standardized conditions, mineral soil samples and
organic layer material was incubated during 140 days
at 20 C in the dark. 20 g mineral soil and 3 g organic
layer material were placed into 120 mL jars and after
measuring the respiration rates the first time under
field moist conditions, water contents were adjusted to
50 % of the water holding capacity. CO2 production of
the samples was measured periodically in a closed
system; after tightening the jars with a rubber stopper,
air from the headspace circled through an infrared gas
analyzer (LI 840, LI-COR, NE, USA) and respiration
rates were calculated by linear regression of the CO2
concentrations against time.
Calculations and statistical analysis
SOC stocks were calculated per plot by multiplying
SOC concentrations with soil bulk densities and
thicknesses of each depth class by using the rules of
error propagation. Bulk densities between 10 and
20 cm were interpolated from the measured values in
0–10 and 20–30 cm depth. In addition, bulk densities
were corrected for stone contents according to mea-
surements of the fine rock fraction and visual estima-
tion of the coarse rocks in the soil pits (see ‘‘Results’’
section) assuming a rock density of 2.65.
We analyzed our data by fitting mixed-effects
models by maximum likelihood (lme function from
the nlme package, R 2.10.1, R Development Core
Team (2010)). The model included the sequential
fixed effects land use (pasture vs. forest), forest stand
age as a linear contrast and soil depth where appro-
priate. Reflecting the structure of the experiment, the
nested random effects were block, plot, and where
appropriate, soil depth. The homogeneity of the slope
was tested by applying a linear model (aov function)
with the data from the pasture soils only. The variables
included were either altitude (m a.s.l.) or position
along the horizontal gradient and soil depth. Effects
with P\0.05 were considered statistically significant,
effects with 0.05 \ P \ 0.1 as marginally significant.
Results
Bulk density and rock content
Bulk density ranged between 0.7 and 0.9 kg dm-3 in
the surface soil (0–10 cm) and 1.0–1.2 kg dm-3
between 20 and 30 cm depth with the afforestations
being not significantly different from the pasture
(P = 0.8; Table 1). However, the lowest bulk density
was recorded at both depths in the old forest resulting
in a stand age effect close to significance (P = 0.06).
The stone content up to a depth of 50 cm was
surprisingly low for alpine soils. Smaller rock frag-
ments ([2 mm) determined by the sieving of soil
material sampled with cores, accounted for about 1 %
of the soil volume in the surface layer and up to 8 % in
the 20–30 cm layer. In addition, we visually estimated
the fraction of coarse stones not included in the
sampled soil cores. The resulting total rock content,
which was also used for C stock calculation, was on
average 5, 10, 15, 20, and 40 % for the 0–10, 10–20,
20–40, 40–60, and 60–80 cm layers, respectively.
SOC concentrations and stocks
Soil carbon concentrations significantly decreased with
soil depth in all the plots (P \0.001; Fig. 2), indicating
that the soils had not been disturbed or affected by erosion
or landslides in the recent past. We tested the spatial
homogeneity of SOC concentration of the study site by an
altitudinal and horizontal gradient within the pasture.
Neither altitude (P = 0.4) nor horizontal position
(P = 0.12) significantly affected SOC concentrations.
In fact, the soil C concentrations along the pasture
transect at 1,680 m a.s.l. slightly increased towards the
Eastern part of the slope, which is in contrast to the lower
C stocks of the forest stands on the Eastern part further
down the slope at 1,610 and 1,560 m a.s.l. (Fig. 1). By
comparison to the small variability in the pasture, SOC
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concentration in the surface mineral soils (0–10 cm)
showed a distinct pattern along the afforestation chron-
osequence, with the highest values under pasture and in
the old forest (*60 mg C g-1) and the lowest values in
the 40 and 45 years old stands (*43 mg C g-1)
(Fig. 2). The same pattern was also apparent in the
subsoils, with the lowest SOC concentrations in the 40
and 45 years old stands. Statistically, the transient
decline of SOC was evidenced when the old forest was
excluded from the analysis by linear mixed model (Pstand
age \ 0.01).
Total SOC stocks ranged between 112 and
154 t C ha-1, of which 83–100 % was stored in the
mineral soil and the remainder in the organic layer
(Fig. 1). Reflecting the SOC concentrations, SOC
stocks of the mineral soils were only slightly altered in
the first years following the tree plantation, but
strongly declined after 30 years, with the lowest
stocks in the 40 and 45 years old stands (Fig. 3). In
the old forest, mineral soil SOC stocks were in the
same range as the ones under pasture. Carbon stocks in
the organic layer increased from 0 t C ha-1 in the
pasture to approximately 25 t C ha-1 in the 45-year
old forest and did hardly change to the old forest. The
increasing C storage in the organic layer with stand
age but decreasing C stocks in the mineral soil resulted
in only slightly decreasing total soil C stocks from the
pasture to the 45 year old forest stands. The old forest
had the highest total soil C stocks, with approximately
20 t ha-1 more C stored than in the soil of the pasture.
This increase corresponded to 60 % higher C stocks
when only the organic layer and the uppermost 10 cm
were included and to 13 % higher stocks when the
total soil profiles were considered.
Tree biomass strongly contributed to the increasing
C storage with afforestation (Fig. 3). In the 25 years
old afforestation, an additional 86 t C ha-1 was fixed
in the plant biomass (above and belowground) and this
pool size increased up to 420 t C ha-1 in the old forest.
Here, approximately three times the amount of SOC
was stored in the tree biomass.
Composition and quality of litter, fine roots
and SOM
Chemical composition of the organic matter, as
expressed by C:N ratios and 13C natural abundances,
strongly changed during decomposition (i.e., with soil
depth in all soils; Figs 2, 4). Fine root biomass (\2 mm)
in the uppermost 10 cm amounted to 0.6 kg m-2 under
forest and to 1 kg m-2 under pasture. Grass roots were
enriched in N (C:N ratio = 49) and had a lower lignin
content (230 mg g-1) compared to the spruce fine roots
(C:N ratio = 69, lignin content = 310 mg g-1, respec-
tively) suggesting a higher decomposability of the grass
roots. In addition, grass tissue contained a higher
proportion of N and less lignin than spruce needles
(Table 2). Reflecting the altered above and below-
ground C input following the afforestation, soil C:N
ratios were significantly narrower under pasture than
under forest (P = 0.02) and increased with stand age
(P = 0.04). However, the effect of vegetation on soil
C:N ratios was only apparent up to a depth of 40 cm but
not in the deeper soils. The d13C values of soils under
forest were significantly higher than the ones under
pasture (P \ 0.01; Fig. 4). Similar to the soil C:N ratios,
the effect of vegetation on soil d13C signature was most
pronounced in the surface soil while it decreased with
increasing soil depth and vanished below 20 cm. In the
uppermost mineral soil (0–5 cm), the difference
between the two land use types amounted to about
1.5 %. After tree plantation, d13C values at 0–5 cm
became gradually more positive with increasing stand
age (Fig. 4), shifting from -27 % under pasture to -
25.5 % under the old forest.
Soil respiration, microbial activity,
and microclimate
Soil respiration changed strongly along the chronose-
quence. Average soil respiration rates (July–October)
ranged between 2.3 lmol CO2 m
-2 s-1 in the youn-
gest stand and 6.4 lmol CO2 m
-2 s-1 in the pasture.
As expected, soil respiration was strongly driven by
soil temperature (P \ 0.001), but not by soil moisture
(P = 0.4). Microclimatic measurements showed
about 5 C lower soil temperatures at 5 cm depth
under forest than under pasture during the growing
season (April–September) (Fig. 5). In winter, the
difference in temperature between the two vegetation
types was smaller but the forest soils were frozen for a
longer time period than the pasture soils. Moreover,
forest soils had considerably lower volumetric water
contents than pasture soils (Fig. 5). Mean soil mois-
ture contents at 5 cm depth measured using TDR-
probes concomitantly to soil respiration were 0.29 m3/m3
under forest (n = 1,304) and 0.39 m3/m3 under pas-
ture (n = 668), respectively. However, even after
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fitting soil temperature and soil moisture as covariates
into the model, soil respiration was still significantly
higher in the pasture plots (P = 0.02).
Under standardized conditions in the laboratory, C
mineralization per gram dry and root-free soil did not
significantly differ between pasture and forest mineral
soils (Figs. 6, 7), either for the cumulative amount of
respired C at the end of the incubation (P = 0.11) or
the amount of C after glucose addition (as a measure for
the microbial biomass P = 0.09). Not unexpectedly, C
mineralization was positively affected by the soil C
content of the mineral soil samples (P \ 0.001). As a
result, when C mineralization was related to g soil C,
pasture soils released significantly more CO2
(P \ 0.01 for both), indicating that SOC contained a
larger proportion of labile SOM in the pasture than in
the forest. C mineralization in the organic horizons was
10–20 times higher than in the mineral soils and the
mineralization rates of the organic layer material were
positively correlated with the C:N ratios (P = 0.003).
Discussion
Our chronosequence study shows that afforestation
with spruce on an alpine pasture decreased soil
respiration rates, altered soil organic matter quality
and induced less favorable microclimatic conditions.
However, the afforestation had only a moderate
impact on total soil C stocks, with an accumulation
of forest floor and a small transient decline of C stocks
in the mineral soil.
The detection of changes in soil C stocks through
afforestation by the ‘‘space for time’’ approach applied
in this and other studies relies on homogeneous soil
conditions. This is particularly important given that our
study site spanned an altitudinal gradient of 250 m,
along which temperatures and length of vegetation
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Table 2 SOC concentrations, C:N-ratios, d13C values and
lignin contents (±SE) of the fresh plant material and the SOM
in the organic layer
SOC (%) CN ratio d13C (%) Lignin (%)
Plant material
Grass
foliage
42.1 (0) 26 (4.9) -27.3 (0.4) 18.3 (0.1)
Grass
roots
32.7 (2.0) 49 (2.3) -27.2 (0.1) 23.2 (1.0)
Spruce roots 42.6 (2.0) 69 (4.0) -26.6 (0.2) 30.6 (1.0)
Bark 48.9 (0.1) 67 -25.6 (0.6) 44 (1.0)
Wood 46.4 (0.3) 550 -26.0 (1.2) –
Needle 47.4 (0.4) 40 (2.4) -29.4 (0.5) 31 (0.5)
Organic layer
Oi 44.2 (0.8) 42 (2.3) -28.0 (0.1) –
Oe 41.6 (1.4) 25 (1.1) -27.4 (2.0) –
Oa 31.9 (4.1) 25 (0.3) -27.3 (0.3) –
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period changes, which, in turn, might affect organic
matter input and turnover. For example, in a Swiss
alpine pasture, root biomass increased by 25 % and
turnover times almost doubled between 1,665 and
2,520 m a.s.l. (Hitz et al. 2001). Accordingly, Leifeld
et al. (2005) estimated for Swiss alpine grasslands that
SOC-concentrations at 0–20 cm depth increase with
altitude at a rate of about 2 mg C g-1 per 100 m.
However, at our study site, we did not find statistical
differences in SOC concentrations within the pasture
soils, either along the altitudinal gradient or along an
East–West transect encompassing 20 soil pits under
pasture (Fig. 1). Moreover, soil properties such as soil
texture, stone content, soil density, thickness of the soil
horizons, and soil color were also very homogeneous
across the whole slope (Table 1).
Moderate effects on soil C pools
Soil organic C stocks of the mineral soils ranged
between 101 and 140 t C ha-1 which is higher than the
ones reported by Thuille and Schulze (2006) in a series
of different aged spruce afforestations in the Alps and
Thuringia (40–100 t C ha-1 for the whole soil profile)
but close to the mean value for Swiss alpine forest soils
(*130 t C ha-1) (Hagedorn et al. 2010b). The gradual
accumulation of forest floor at a rate of 0.19 t C ha-1
years-1 resulted in an additional 23 t C ha-1 stored in
the old forest. Taking this C pool into calculation, the
soil C pool in the old forest exceeded the one of the
pasture soils by 20 t ha-1 (Fig. 3), which is close to the
average difference of 22 t ha-1 between the two land
use types in Switzerland (Bolliger et al. 2008). By
comparison, SOC stocks of the mineral soil transiently
decreased in the 40 and 45 years old stands and
increased again in the old forest (Fig. 3). This pattern is
in line with the findings of other chronosequence
studies along afforestation (Poeplau et al. 2011;
Thuille and Schulze, 2006), although the main C loss
in our study apparently occurred with a time lag of a
few decades after the tree plantation. In general, the
magnitude of soil C loss with afforestation principally
depends on the degree of disturbance with site
preparation (Jandl et al. 2007) and the persistence of
the grass cover providing a sustained input of fine root
C into mineral soils (Thuille and Schulze 2006). In this
study, soil disturbance at planting and hence C losses
through mineralization were minimal as the spruce
saplings were planted manually on the relatively steep
subalpine slope. This might explain that the main C
loss in the surface soil did not occur directly after the
tree plantation but was more closely related to the
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cessation of the dense grass cover with tree canopy
closure 20–30 years after afforestation. We also have
hypothesized that the C-loss would primarily occur in
the topsoil due to declining fine root densities and the
development of deeper rooting systems following
afforestation (Jackson et al. 1996). However, our data
suggest the opposite, C was primarily lost from the
subsoil. Afforestation effects on SOC stored in the
deeper soil layer are ambiguous to date as the majority
of the LUC studies only comprised topsoils. While
some studies found that afforestation increases C
storage in the subsoil (Hooker and Compton 2003;
Ouimet et al. 2007; Wei et al. 2012), others reported
declining C stocks (Thuille and Schulze 2006; Ouimet
et al. 2007). After afforesting cotton fields with loblolly
pine, Richter et al. (1999) observed increasing C stocks
in the surface soil accompanied by a loss of C in the
deeper soil layers. Their analysis of 13C and 14C
isotopes indicated that these C losses from the deeper
soil occurred despite a substantial input of new root C
and DOC. These new C inputs, however, were not
stabilized but probably instead might have stimulated
the decomposition of existing SOC (Mobley 2011).
Since subsoils are lacking energy-rich substrate needed
for soil microbes to maintain their metabolism, they
presumably are more prone to priming than surface
soils with higher C availability (Fontaine et al. 2007).
Our data clearly show the importance of the chosen
sampling depth for the interpretation of the results
(Harrison et al. 2011). If we had included only the
organic layer and the uppermost mineral soil
(0–10 cm), the afforestation would have increased
the soil C stocks by 60 %. However, if the whole soil
profile is taken into account, the afforestation effect is
much smaller (*13 %) and C stocks depend more
strongly on subsoil C dynamics (Fig. 3). In any case,
SOC pools on a mass basis were only marginally
affected by the land use change as compared to C
stored in tree biomass. Forty years after land use
conversion, C stock of tree biomass exceeded the one
of the soil. In the old forest, trees almost stored three
times as much C as soils (Fig. 3), although the C pool
of the trees in this study is much larger than the
average pool of *100 t C ha-1 in the Swiss Alps
(Hagedorn et al. 2010b). Thus, afforestation turned
pasture into a C sink mainly by C accumulation in
vegetation, whilst the effects on SOC were compar-
atively small; the increase of the SOC stocks of
20 t C ha-1 following afforestation corresponds to
only 20 and 5 % of the average biomass C pool in the
Alps or in this study, respectively.
Effects on soil C quality
In contrast to the moderate effects on total soil C
stocks, spruce plantation strongly influenced the
composition and quality of SOM and its vertical
distribution in soils. After tree establishment, d13C
values in the surface mineral soil shifted from -27 %
in the pasture towards -25.5 % in the mature forest.
Despite the rather small difference of 1.5 % between
the two vegetation types, the increase of the isotopic
ratio was very consistent (Fig. 4). The impact of
vegetation on d13C values decreased with soil depth,
which implies a stronger dominance of older soil C in
the subsoils (e.g., Richter et al. 1999). The lower d13C
values of the upper mineral soils under pasture than
under old forest might partly reflect the C input from
grass roots that are more depleted in 13C, while the
larger difference in d13C values between spruce roots
and SOM in the old forest soils might result from a
stronger discrimination during decomposition, which
is indicative for a slower root turnover (Chen et al.
2005). However, it is beyond the scope of this study to
fully assess the processes leading to the different d13C
values under pasture and forest, but we interpret it as
evidence for a replacement of pasture by tree-derived
C in SOM with time after afforestation.
Afforestation directly affects SOM dynamics
through changes of the input pathways and the
quantity and quality of plant residues (De Deyn et al.
2008). In the pasture, C-inputs into soils were mainly
restricted to grass roots as most of the foliage was
removed by grazing cattle. In the afforestations, by
contrast, a substantial amount of C originates from
needle fall. However, the accumulation of a forest
floor suggests that only a small fraction of this needle
litter was incorporated into the mineral soil. In a field
experiment with 13C labelled pine needles, Bird and
Torn (2006) reported that \1 % of the pine C were
allocated from the organic layer into the A horizon
within 1.5 years and Tate et al. (2011) estimated that
only 1–2.2 % of fresh 14C labelled pine needles were
transferred into the mineral soil within 1 year in a
young pine stand. In addition to the aboveground litter
input, afforestation also affects the belowground C
dynamics through the characteristics of fine roots (Guo
et al. 2007) representing a very important SOC source
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either through root exudates or as litter (Rasse et al.
2005). In our study, the amounts of fine roots (\2 mm)
in the spruce stands were 40 % lower than under
pasture. Moreover, fine roots from trees had a wider
C:N ratio (spruce = 70; grass = 48) and lignin con-
tents (spruce = 310 mg g-1; grass = 240 mg g-1),
indicating lower decomposability. These changes in
litter quality were also reflected in the higher C:N-ratio
and smaller proportion of labile SOM in the forest than
in the pasture soils which confirms our hypothesis that
SOM quality declines with afforestation.
Afforestation decreases soil respiration
Soil respiration, as an indicator for the biological
activity and carbon turnover, strongly declined after
the tree plantation and only slowly increased thereaf-
ter. Though, in the old forest, respiration was 30 %
lower than prior to the land use change. What leads to
the reduced respiratory activity under forest?
The incubation experiment under standardized
conditions revealed that the amount of mineralized C
per gram mineral soil did not significantly differ
between forest and pasture, in spite of the higher
fraction of labile SOM in the pasture soils (mineral-
ized C per unit SOC) (Figs. 6, 7). Therefore, the higher
C availability did not lead to significantly higher C
mineralization in the pasture soils. This suggests that
not soil C quality but other factors like microclimate or
root respiration are primarily responsible for the
higher soil respiration in the grassland than in the
forest. Averaged over the growing season, surface
soils under forest were about 5 C cooler than under
pasture. Given that soil temperature had a significant
positive effect on the respiration (P \ 0.001) and
assuming a Q10 of 3 (Hagedorn et al. 2010a), the lower
soil temperature theoretically would lead to 50 %
lower soil respiration rates in the forests, which
approximately was the case for the middle aged stands
(30 and 40 years). In agreement with our data, Smith
and Johnson (2004) measured 38 % lower respiration
rates after juniper encroachment on former grassland,
which is also close to the 41 % reduction reported by
Kellman et al. (2007) in a comparison between pasture
and two forests in Canada. In both studies, soil CO2
efflux was mainly attributed to a decline of soil
temperature after tree establishment.
However, in addition to temperature, soil moisture
can also be a critical factor for biological activity
(Borken et al. 2003; Muhr and Borken 2009),
especially when it drops below a minimum threshold
(Curiel Yuste et al. 2003). According to our model,
volumetric water content did not significantly affect
respiration rates when fitted after temperature
(P = 0.4). However, under dry conditions (volumet-
ric SWC \ 20 %) respiration was rather limited.
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Moreover, C mineralization of the incubated organic
layers was up to 20 times lower when the soil
samples collected in fall 2011 were field moist and
not adjusted to the optimal conditions during incu-
bation (50 % of water holding capacity). This
strongly suggests that water availability contributes
to the control of SOM decomposition on this South
facing slope, especially during the dry summer
months. This is even more reasonable as a consid-
erable amount of the respired CO2 in the forest
originates from the organic layer (Buchmann 2000;
Kammer et al. 2009), which is most susceptible to
dry out. However, in our linear-mixed model, land
use type still remained significant even after correct-
ing for the soil temperature and moisture effects
(P = 0.02). Therefore, additional factors must be at
play, of which root respiration presumably is most
important. Autotrophic respiration contributes about
50 % to total soil respiration, but its proportion
considerably varies throughout the year and among
different vegetation types (Hanson et al. 2000). As
the grassland soils had a 40 % higher root biomass, it
seems likely that autotrophic respiration was higher
in the pasture than in the spruce stands. In summary,
we interpret the 50 % lower soil respiration in the
forest than in the grassland as a combined effect of a
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colder and drier soil conditions, a reduced root
respiration, and a lower SOM quality.
The fact that the lower C turnover under forest did not
increase SOC storage—at least not in the short term—
suggests that it must have been offset by a decreased C
input from plants. This is in line with the findings of Scott
et al. (2006), who attributed the concomitant decreases in
C stocks and soil respiration rates after pine afforestation
to a declined C input into the mineral soil. On a larger
scale compiling Eddy flux data across Europe, Schulze
et al. (2010) reported that both heterotrophic respiration
rates and net primary production in forests are consid-
erably lower than in grasslands, which supports our
conclusion of a reduced C input after afforestation. The
highest SOC stocks in the more than 120-year old forest,
however, show that afforestation has a positive effect on
soil C storage in this subalpine ecosystem.
Conclusions
Our results show that spruce afforestation on an
extensively grazed alpine pasture had only small
effects on total soil C storage. Soil C stocks in the
mineral soil transiently decreased after tree establish-
ment, reaching a minimum 40–45 years after affores-
tation and increased again thereafter. Soils of the
mature spruce forest ([120 years) stored more C than
pasture soils, mainly due to the accumulation of an
organic layer. In contrast to soil C stocks, afforestation
strongly altered SOM quality with forest soils contain-
ing lower fractions of labile SOM and having higher
C:N ratios as pasture soils. Soil respiration signifi-
cantly decreased after the land use change probably
primarily due to a less favorable microclimate for
decomposition of SOM and reduced root respiration in
the forests. This implies, in conjunction with the
moderate effects on total soil C stocks that C inputs into
soils and hence also ecosystem C cycling rates must
have decreased considerably with afforestation. How-
ever, the high soil C stocks in the old forest strongly
suggest that on a centennial time scale, afforestation
has positive effects on soil C storage, but this increase
is small as compared to C accumulated in tree biomass.
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